A region of the Herpesvirus saimiri genome that is not essential for replication of the virus has recently been shown to be required for its oncogenicity in New World primates. We have examined the RNAs derived from this region of the genome in permissively infected cells. Two polyadenylated RNAs, of 4.9 and 2.3 kilobases, were the major species coded for by this region of the genome. These two RNAs, as well as a much less abundant RNA of 6.5 kilobases, were specifically altered in two different nononcogenic deletion mutants of H. saimiri. The 4.9-and 2.3-kilobase RNAs were mapped by S1 nuclease and exonuclease VII digestion of DNA-RNA hybrids. The transcripts were found to be spliced, overlapping, and transcribed from right to left on the genetic map, with their 3' termini each ca. 150 base pairs from the left border between the unique and repetitive DNA regions. These RNAs were not detected at immediate early times after infection. The possible role of these RNAs in the origin of the malignant T-cell lymphoma caused by this virus is discussed.
Herpesvirus saimiri naturally infects most squirrel monkeys (Saimiri sciureus) and produces no signs of disease in this species; however, the virus causes a rapidly progressing malignant T-cell lymphoma or leukemia when it is inoculated into other New World primates such as marmosets (Saguinus spp.) and owl monkeys (Aotus trivirgatus) (5, 7) . In the case of cotton-top marmosets (Saguinus oedipus), tumor induction occurs in 100% of the inoculated animals even at a dose of less than 10 infectious virus particles, and death occurs rapidly and predictably (25 to 35 days). Unlike Epstein-Barr virus, H. saimiri can be grown in monolayer cells such as owl monkey kidney (OMK) cells, producing a lytic infection with a high virus titer. Serial passage of H. saimiri 11 and repeated plaque purification resulted in the generation of a nononcogenic variant termed llatt (18) . Although llatt virus has unaltered growth properties in OMK cells and appears to be identical to parental strain 11 by physical, biochemical, and immunological criteria, inoculated marmosets remain healthy and develop no signs of lymphoma or leukemia, even though the virus persists and can be recovered from the lymphocytes of the infected animals (6, 21, 22) . Comparison of the genomes of strains 11 and llatt by restriction endonuclease mapping has defined a single alteration in the form of a 2.3-kilobase-pair (kbp) deletion at the left junction of the terminal repeat sequences and the unique sequence DNA (14) . Recently, by using restriction endonucleases to introduce specific deletions into a cloned DNA fragment, Desrosiers et al. (4) constructed a second replication-competent deletion mutant virus, termed S4. The S4 variant has a 4-kbp deletion that partially overlaps the llatt deletion and has also been shown to be nononcogenic in susceptible New World primates. Furthermore, the oncogenic capacity of both of these deletion mutants was restored by reinserting the deleted sequences into the viruses, unambiguously showing that these sequences were required for the oncogenic capacity of H. saitniri (Desrosiers et produced from this region of the genome in lytically infected OMK cells in culture. We have identified two major polyadenylated RNAs of 4.9 and 2.3 kb and mapped their 5' and 3' termini as well as their exon-intron topography on the H saimiri genome. The identification of these RNAs and their presumed protein products should aid in understanding the role this region of the genome plays in the oncogenicity of the virus. MATERIALS AND METHODS Viruses. H. saimiri strains 11 and llatt were originally provided by L. Falk and propagated in OMK cells. The construction of the S4 and KH deletion mutants has been previously described (4) . Briefly, the 7.4-kbp TaqI fragment of strain 11 virus was cloned into the ClaI site of plasmid vector pBR322, and the deletions in pS4 and pKH were generated by restriction endonuclease digestion and religation. After cotransfection of OMK cells with parental strain 11 DNA, recombinant viruses containing the appropriate deletion were isolated.
RNA isolation. OMK cell line 637 was grown in 150-cm2 flasks containing minimal essential medium (GIBCO Laboratories) supplemented with 10% heat-inactivated fetal calf serum. When the cells reached confluence, virus was added at the indicated multiplicity of infection; at the indicated time after infection, RNA was isolated by guanidine thiocyanate extraction (10 6 .4], 1 mM EDTA, 400 mM NaCI, and 80% formamide) was then added to the dried pellets, and the samples were incubated at 74°C for 15 min and then rapidly transferred to a second water bath set at the desired hybridization temperature (15 (4) . The 0.6-kbp KH deletion was constructed in the same manner, with elimination of sequences between the KpnI and HpaI sites. (4) . RNAs transcribed in OMK cells infected with H. saimiri 11 or one of the replication-competent variants, llatt, S4, or KH, were analyzed by Northern blot hybridization. The blotted RNA was sequentially probed with the three HpaII subclones of pT7.4. After each exposure, the blot was stripped of the hybridization probe and exposed before the next probe was used, to verify that all of the previous probe had been removed.
With the radiolabeled pHpl.4 DNA, three RNAs were detected in strain 11-infected cells ( Fig. 2A) : two major RNAs of 4.9 and 2.3 kb plus a less abundant RNA of 6.5 kb. These RNAs were determined to be polyadenylated by virtue of their binding to oligodeoxythymidylate-cellulose (data not shown). The pHpl.4 subclone contains sequences close to the H/L-DNA border, and part or all of its sequences are deleted in each of the three deletion mutants. All the pHpl.4 sequences are deleted from the llatt strain, and as expected, OMK cells infected with this virus had no detectable RNA containing these sequences; however, cells infected with the KH and S4 viruses did have RNAs containing these sequences. In each case, the RNAs were shortened precisely by the size of the deletion. The RNAs from the KH-infected cells were 0.6 kb shorter than their strain 11 counterparts: 5.9 versus 6.5 kb, 4.3 versus 4.9 kb, and 1.7 versus 2.3 kb. The S4 RNA samples contained a 0.9-kb RNA, 4 kb shorter than its 4.9-kb counterpart in strain 11- infected cells, and a 2.2-kb RNA, 4.3 kb shorter than the 6.5-kb counterpart.
When blotted RNA was hybridized to the radiolabeled middle HpaII fragment (pHp3.1; Fig. 2B ), a 1.4-kb RNA was observed in RNA from strain 11-infected cells in addition to the 6.5-, 4.9-, and 2.3-kb RNAs. As with the pHpl.4 probe, RNA from cells infected with the S4 and KH deletion mutants showed precisely shortened RNAs as well as the new 1.4-kb RNA. In addition, the llatt sample had an RNA doublet of ca. 3 kb; this RNA could represent a shortened version of the 4.9-kb RNA seen in strain 11-infected cells.
The radiolabeled pHp2.5 subclone did not detectably hybridize to an RNA of 2.3 kb from strain 11-infected cells, but it did hybridize to a 6.5-and a 4.9-kb RNA (Fig. 2C) . In KH virus-infected cells, the 5.9-and 4.3-kb RNAs were still observed, as was the 0.9-kb RNA in the S4 RNA sample. In addition, both a 3-and a 1.8-kb RNA were observed in the RNA samples from the 11, llatt, and KH virus-infected cells. The S4 sample lacked this 3-kb RNA. The 1.8-kb RNA was also detected in the S4 samples as well as a 2.3-kb RNA unrelated to the 2.3-kb RNA coded for by the pHpl. 4 Total cellular RNA from strain 11-infected cells was hybridized to the 3'-end-labeled and the 5'-end-labeled 1.6-kbp DNA (Fig. 4B and C) . The RNA from cells infected with strain 11 virus protected a 1.1-kb DNA fragment from the 3'-end-labeled DNA strand on both neutral and alkaline gels. Even this overexposed autoradiogram did not reveal any DNA fragments protected by yeast RNA, nor was a DNA fragment from the 5'-end-labeled strand protected. This implied that there was only one 3' terminus located ca. 1.1 kbp from the XbaI site and that transcription was from right to left on the H. saimiri genetic map. To confirm this, total cellular RNA was first fractionated on a sucrose gradient to separate the 4.9-kb RNA from the 2.3-kb RNA (Fig. 5) . Aliquots containing the 4.9-and 2.3-kb RNA were then Kb hybridized to either the 5'-or 3'-end-labeled 1.6-kbp DNA and digested with Si nuclease. With both of the RNAs, a 1.1-kb DNA fragment was protected from the 3'-end-labeled DNA strand on both the neutral and alkaline gels (Fig. 6 ). Since the orientation of the RNAs was now known, the 5' ends of the RNAs were mapped by hybridizing the 5'-endlabeled 10.2-kbp restriction fragment to RNA from strain 11- infected cells (Fig. 7) . At low concentrations of S1 nuclease, the RNA from H. saimiri-infected cells protected DNA fragments of 3.6 and 1 kb. As the S1 nuclease concentration seemed to require cellular protein synthesis, they were not immediate early transcription products. The infection of these cultures followed a time course that involved a nearly complete viral cytopathic destruction of the cell monolayer by 36 h postinfection. Therefore, it would appear that these RNAs are produced fairly late during the viral replication cycle.
To map the 5' and 3' ends of the 4.9-and 2. was increased to 2,500 U/ml, the amount of 3.6-kb DNA decreased and the amount of 1-kb DNA increased along with a new DNA band at 0.8 kb. The 3.6-kbp band observed at low S1 nuclease concentrations was the size expected for protected DNA from the XbaI site to the 5' terminus of the 4.9-kb RNA, and the 1-kbp band was the size expected for protected DNA from the XbaI site to the 5' end of the 2.3-kb RNA. To determine the origin of the 0.8-kb fragment, the 4.9-and 2.3-kb RNAs were each hybridized to 5'-endlabeled 10.2-kbp DNA and digested with Si nuclease. With the 4.9-kb RNA, the alkaline agarose gel of the digestion products showed that as the Si nuclease concentration was increased to 20,000 U/ml, the 3.6-kb band completely disappeared and two fragments of 1 and 0.8 kb were generated and that the 1-kb fragment, in turn, was converted to the 0.8-kb fragment. The 2.3-kb RNA also protected 1 kb of DNA that was converted to a 0.8-kb DNA fragment as the Si nuclease concentration was increased (Fig. 8) . These results indicated that the 4.9-kb RNA was spliced at 0.8 and 1 kbp from the XbaI site and that the 2.3-kb RNA was also spliced at the 0.8-kbp location. To determine the location of the 5' ends of the RNAs, exonuclease VII was used to digest the hybrids formed between the 5'-end-labeled DNA and either the 2.3-kb RNA or the 4.9-kb RNA. The digestion products were then analyzed on alkaline agarose gels along with their S1 nuclease-treated counterparts (Fig. 9) . Exonuclease VII does not degrade RNA, single-stranded regions of duplex nucleic acids, or intron loops, but instead trims singlestranded DNA ends. Therefore, the length of the exonuclease VII digestion products in this case should be a measure of the distance from the XbaI site to the 5' end of the RNA. With the 4.9-kb RNA, exonuclease VII protected a single DNA band of 3.6 kb, the same size as the longest Si nuclease product observed on either alkaline (Fig. 8) or neutral (Fig. 7) agarose gels, and no bands of 1 or 0.8 kb were observed. This indicated that the 5' end of the 4.9-kb RNA was 3.6 kbp from the XbaI site and that the splices that generated the 0.8-and 1-kb bands on these gels had very short introns. The 3.6-kbp DNA from the right side of the XbaI site plus the 1.1-kbp Si nuclease fragment from the left side of the XbaI site combined to make a 4.7-kb transcript length, which would be just long enough to code for a 4.9-kb RNA containing a 200-nucleotide polyadenylate tail. The close agreement in size between the 4.9-kb RNA found in infected cells and the RNA measured by nuclease mapping of the 5' and 3' termini on the H. saimiri genome also substantiated our claim that the lengths of the intron segments lost from the mature RNA were quite small, probably less than 100 nucleotides. With the 2.3-kb RNA, exonuclease VII produced one DNA fragment of 1 kb and no smaller fragments. Therefore, the 5' end of this transcript was 1 kbp from the XbaI site, with a splice point at 0.8 kbp. This 1-kbp DNA plus the 1.1-kbp DNA to the left side of the XbaI site combined for a transcript length of 2.1 kb. As with the 4.9-kb RNA, the intron spliced out of the RNA at the 0. Because of the possible importance of the 4.9-and 2.3-kb RNAs in mediating the oncogenic potential of H. saimiri, we have mapped their 5' and 3' termini as well as their exonintron topography (Fig. 10) . These RNAs are overlapping transcripts that each have their 3' terminus ca. 150 base pairs from the left H/L-DNA border. The 4.9-kb RNA contains two closely spaced splice sites, the first of which is also present in the 2.3-kb RNA. The 5' end of the 2.3-kb RNA is located at or near this second splice site of the 4.9-kb RNA. The 4.9-kb RNA appears to contain no splice sites from this point to its 5' terminus ( Fig. 10 ). Although these introns are very short (<100 nucleotides), introns of appoximately this size have also been detected in overlapping transcripts in herpes simplex virus RNA (9). We do not believe that "breathing" of A+T-rich regions of DNA could impart an artifactual Si nuclease sensitivity to these two regions, since 4 Si nuclease concentrations as low as 300 Boehringer Mannheim units per ml at 30°C are capable of generating the 0.8-and 1-kbp fragments. Likewise, Si nuclease concentrations from 150 to 40,000 U/ml have failed to generate any additional nuclease-resistant fragments on neutral or alkaline agarose gels; we therefore doubt that there are any additional splice sites within these RNAs. We have also been unable to detect any evidence for alternate splicing between these two sites, since Northern blots of the cellular RNAs do not show multiple bands of the expected sizes.
Nothing is known about the function of these RNAs and the role they might play in oncogenesis by H. saimiri. The fact that they are polyadenylated suggests that they code for protein products, but whatever the function of these proteins might be they do not seem to be analogous to retroviral oncogenes for several reasons. First, unlike viral oncogenes whose continual expression is required to maintain the tratisformed phenotype (1), continued synthesis of the H. saimiri 6.5-, 4.9-, and 2.3-kb RNAs does not seem to be necessary to maintain lymphoid cell transformation. We have not observed these RNAs in several H. saimiri-induced owl monkey lymphomas or in the 1670 tumor cell line, even though the H. saimiri DNA sequences were consistently retained. Second, unlike retroviral oncogenes, which were captured by these viruses from cellular sequences and whose normal cellular homolog is well conserved in vertebrate cells (1), we have not detected cellular DNA sequences which cross-hybridize with pT7.4 sequences on Southern blots at a sensitivity of 0.1 copy per cell. In addition, unlike the transformihg regions of the genomes of the papovaviruses simian virus 40 and polyomavirus (11) and the adenoviruses (8) , which are all transcribed early in infection, the 4.9-and 2.3-kb RNAs of H. saimiri are transcribed late in the viral replication cycle. If these RNAs are essential for transformation by H. saimiri it seems likely that they will have a "hitand-run" type of function in which their continued presence is not required to maintain the transformed phenotype. We are therefore examining ihe RNAs of owl monkey lymphocytes during the course of their transformation in vitro by H. saimiri for the transient expression of these RNAs. Also, since we now know the map location of the termini of these RNAs, it may be possible to delete small regions of DNA at the promoter site to prevent their transcription. It might also be possible to test the oncogenicity of virus strains which do not express one or the other of these two RNAs.
Indirect mechanisms, independent of these RNA and viral protein products, might also be responsible for oncogenesis by H. saimiri. Such indirect mechanisms have appeal since it is known that in cells transformed by H. saimiri, viral DNA is frequently rearranged with extensive deletions (3, 12) ; perhaps some rearrangements involve cellular genes with concomitant activation. Although neither we nor others have detected any polyadenylated RNAs derived from the left end of H. saimiri L-DNA in the 1670 tumor cell line or ih any lymphomas, a polyadenylated RNA that is transcribed from the right end of the H. saimiri genome has beeh found in 1670 cells (13) . We have been able to detect large amounts of a 100-nucleotide RNA coded for by the pT7. 4 
